Mouse Foxc1 (previously Mf1) is a member of the conserved forkhead/winged helix transcription factor gene family. It is expressed in many mesodermal tissues including paraxial mesoderm of the trunk and head, prechondrogenic mesenchyme, branchial arches and developing kidney. Homozygous mutants die perinatally with hydrocephalus and skeletal, cardiovascular, ocular and genitourinary defects. Here, we report the cloning and expression of two zebra®sh foxc1 homologues, foxc1a and foxc1b. During gastrulation and somitogenesis both genes have similar expression patterns in the hypoblast, paraxial and presomitic mesoderm, somites and trunk adaxial cells. Expression in the somites is downregulated as they differentiate, but is maintained in the sclerotome. Later, some differences in expression pattern emerge. For example, only foxc1a transcripts are detected in the pronephros primodia and in the head mesoderm around the eyes, while only foxc1b is expressed in the pharyngeal arches and pectoral ®ns. Early expression of foxc1a in the paraxial mesoderm is modi®ed in chordino, swirl, somitabun, and spadetail mutants. q
Results and discussion
The mouse Foxc1 gene plays important roles in the development of many mesodermal tissues (Kume et al., 1998 (Kume et al., , 2000 Kidson et al., 1999; Winnier et al., 1999) .
Zebra®sh foxc1 genes
Two genes, foxc1a and foxc1b were identi®ed, initially using a PCR based strategy. Each gene is a single exon encoding a putative protein of 476 (Foxc1a) or 433 (Foxc1b) amino acids. There are regions of high amino acid sequence identity between the Foxc1 proteins of zebra®sh and other vertebrates, especially in the winged helix (WH) and N-and C-terminal domains (Fig. 1 ).
Expression during gastrulation and somitogenesis
Transcripts of both foxc1a and foxc1b are ®rst detected at the beginning of gastrulation (shield stage; 6 h post fertilization (hpf)) in the involuting mesendoderm. Levels are highest in the paraxial mesoderm and decline laterally to become undetectable in the ventral mesoderm ( Fig. 2A,B) .
As gastrulation proceeds, expression spreads in the hypoblast towards the animal pole and converges dorsally. At the tail bud stage (9.5 hpf), transcripts are seen in adaxial cells anking the future notochord and in the presomitic mesoderm (PSM) (Fig. 2C,D) . During early somitogenesis, expression also extends into the future head, in two stripes continuous with the adaxial cells, and the ®rst differences in expression of the two genes become apparent. Transcripts of foxc1a extend more anteriorly than foxc1b and are detected around the developing eye, while fox1b expression reaches under the hindbrain only as far as the midbrain/hindbrain boundary (Fig. 2E±H ). Both genes are still transcribed in PSM, trunk adaxial cells, and somites. As the somites start to differentiate expression decreases in them but not in the adaxial cells. During late somitogenesis transcripts are observed in migrating adaxial cells (data not shown) and in sclerotomes (Fig. 3C ). Only foxc1a is detected in presumptive pronephric primodia lateral to the second and third somite (Fig. 2I±L , black arrowhead in Q; Kimmel et al., 1995) .
A¯at mounted dorsal view of Foxc1a expression at 8 somite stage is shown in Fig. 2Q . To localize more precisely the anterior limit of foxc1a/b in PSM, DMNB caged¯uor-escein was injected into one cell embryos and then photoactivated at the 6 somite stage in the most recently formed (00)00534-7 www.elsevier.com/locate/modo somite (Kozlowski et al., 1997) . Subsequent in situ hybridization for foxc1a, together with antibody staining for uncaged¯uorescein, revealed that the strongest expression of foxc1a is positioned immediately posterior to the labeled somite ( Fig. 2L , n 10) as indicate by the red arrowhead in Fig. 2Q .
Later patterns of gene expression
At the 24 hpf, early pharyngula stage, only foxc1a is expressed in the perioptic mesoderm (Fig. 3A,B ). Transcripts for both genes are present in the PSM and adaxial cells in the tail until the last somites are formed. Expression decreases in the trunk somites as they differentiate, but is maintained in the elongating adaxial cells and sclerotomes (Fig. 3C) . At 33 and 70 hpf strong expression of foxc1b can be seen in the pharyngeal arches and saggital sections show that transcripts are in the mesenchyme but not the endoderm (Fig. 3D) . The condensing mesenchyme of pectoral ®n is also positive (Fig. 3E,F ).
Transcription of foxc1a in mesoderm development mutants
To investigate the regulation of foxc1a expression we examined transcripts in several mutants. In the ventralized mutant chordino, lacking the BMP antagonist Chordin (Schulte-Merker et al., 1997), expression is reduced laterally (Fig. 2M,N) . By contrast, in dorsalized swirl (bmp2b) (Nguyen et al., 1998; Kishimoto et al., 1997) and somitabun (dominant negative smad5) mutants (Hild et al., 1999) expression is expanded into the most ventral mesoderm (Fig. 2O and data not shown) . These results show that foxc1a is directly or indirectly negatively regulated by BMP.
In the spadetail (spt) mutant (Grif®n et al., 1998 ) the fate of paraxial and lateral mesoderm cells is not speci®ed correctly and they migrate to the tail, instead of converging dorsally (Ho and Kane, 1990) . In this mutant the expression of foxc1a in paraxial mesoderm is strongly reduced (Fig.  2D,P) . However, transcripts are still present in both the trunk adaxial cells and the head (not shown). Injection of spt RNA restored foxc1a expression in spt embryos but did not induce ectopic foxc1 expression in wild-type embryos (not shown). These results are consistent with the idea that Spt is necessary but not suf®cient for foxc1 expression.
Methods
Degenerate primers based on highly conserved regions of the mouse, human and Xenopus Foxc1 WH and C-terminal domains were used to amplify genomic DNA fragments. As somitogenesis begins, expression in the PSM, adaxial cells (white arrowhead) and somites is maintained. At the 5 and 7 somite stages foxc1a is expressed in head mesoderm and around the forming eyes (ey), while foxc1b expression does not extend as far anterior. Green arrowheads in (G,H) indicate expression domains underlying the developing hindbrain and can be used to orient the lateral and dorsal views. (I) Expression of foxc1a in a region corresponding to the pronephros lateral to the ®rst four somites (black arrowhead, also see Q). Note absence of corresponding presumptive pronephros expression for foxc1b in (H). (J,K) Double in situ hybridization with probes to foxc1a (brown) and pax2.1 (red) shows absence of foxc1a expression in the pronephric duct (red arrowhead) (see Smithers et al., 2000, These were then used to isolate BAC clones from a genomic library.
In situ hybridization was as described (Thisse et al., 1993) . To ensure foxc1a and b transcript-speci®c hybridization, cDNA probes were chosen that excluded sequences corresponding to the WH and N-terminal regions.
Experiment with caged¯uorescein was performed basically as described (Kozlowski et al., 1997) . Mesenchyme of pharyngeal arches is positive for foxc1bwhile endoderm (end) is negative. (E,F) Lateral and dorsal view at 70 hpf wild-type larva. Strong expression of foxc1b is seen in the developing pharyngeal arches and in the pectoral ®n (insert in E). Abbreviations: D, dorsal; ey, eye; mhb, midbrain-hindbrain boundary; ov, otic vesicle; pa, pharyngeal arches; pf, pectoral ®n; sc, sclerotome.
